The production of antimicrobial reactive oxygen species by the nicotinamide dinucleotide 15 phosphate (NADPH) oxidase complex is an important mechanism for control of invading 16 pathogens. Herein, we show that the gastrointestinal pathogen Vibrio parahaemolyticus 17 counteracts reactive oxygen species (ROS) production using the Type III Secretion System 2 18 (T3SS2) effector VopL. In the absence of VopL, intracellular V. parahaemolyticus undergo ROS-19 dependent filamentation, with concurrent limited growth. During infection, VopL assembles actin 20 into non-functional filaments resulting in a dysfunctional actin cytoskeleton that can no longer 21 mediate the assembly of the NADPH oxidase at the cell membrane, thereby limiting ROS 22 production. This is the first example of how a T3SS2 effector contributes to the intracellular 23 2 survival of V. parahaemolyticus to support the establishment of a protective intracellular 24 replicative niche. 25 26 toxic factors. First, a deletion was made in exsA loci, resulting in the inactivation of the 94 transcriptional activator for the T3SS1 (21). Second, deletions were made for tdhAS, the two 95 thermostable direct hemolysins (TDH) present in RimD2210633, eliminating their cytotoxic 96 activity (22). The resulting strain, CAB2, has been used in subsequentstudies to assess the activity 97 of T3SS2 and its effectors.
Introduction 27
Vibrio parahaemolyticus is a Gram-negative bacterium that inhabits warm marine and estuarine 28 environments throughout the world (1). This bacterium is recognized as the world's leading cause 29 of acute gastroenteritis associated with the consumption of contaminated raw or undercooked monomers and arrange those monomers into linear strings of non-functional filaments, as opposed 70 to bona fide actin filaments (19) . Despite the comprehensive characterization of VopL from a 71 structural and a mechanistic standpoint, the contribution of this effector during a V. 72 parahaemolyticus infection remained elusive. 73 Herein, we show that VopL is required for the intracellular survival of V. parahaemolyticus. 74 In the absence of VopL, intracellular bacteria filament, which indicates that the bacteria are under 75 stress. We identified the stressor as an increase in exposure to reactive-oxygen species (ROS). We In the absence of VopL, V. parahaemolyticus undergoes filamentation with concurrent decreased 87 intracellular survival 88 As discussed earlier, despite not contributing to V. parahaemolyticus' enterotoxicity (9), the 89 T3SS1 becomes activated upon suspension in DMEM, causing the rapid death (~3h post-infection) 90 of tissue-cultured cells (10), thereby masking the activity of the T3SS2. To reveal the activity of 91 T3SS2 we made use of the V. parahaemolyticus CAB2 strain, an isogenic strain derived from the 92 clinical isolate RimD2210633 (14) . CAB2 contains a deletion for genes encoding two types of 93 Elongation of CAB2ΔvopL was not a result of the cell body extension, but rather a 116 deficiency in bacterial cell division. Closer inspection of CAB2ΔvopL revealed that the elongated 117 cell body contained multiple nucleoids (Fig. S1C) , which is consistent with continuous bacterial 118 replication but ceased septation. This morphological phenotype is referred to as bacterial 119 filamentation and represents an important strategy used by bacteria to survive during stressful 120 situations (23). Several bacteria have been reported to undergo filamentation as a protective 121 mechanism against phagocytosis, as in the case of Uropathogenic Escherichia coli (24), or against 122 consumption of "inedible" filamentous bacteria by protists, as in the case of Flectobacillus spp. 123 (25) . Filamentation can also be triggered in response to DNA-damaging stresses such as UV 124 radiation, antibiotics, and reactive oxygen species (ROS) (23). Given that CAB2ΔvopL 125 deliberately invades Caco-2 cells (via VopC), samples are not exposed to UV radiation, and 126 intracellular bacteria are not exposed to gentamicin, as this antibiotic is not taken up by Caco-2 127 cells, we hypothesized that host generation of ROS could be responsible for the filamentous CAB2-and CAB2ΔvopL-infection samples (* p = 0.0116) or between CAB2ΔvopL-and 148 CAB2ΔvopL + pVopL-infection samples (* p = 0.0421).
150
Bacterial filamentation is ROS-dependent 151 ROS is produced by NADPH oxidases, specialized enzymes whose sole function is the generation 152 of ROS (20) . There are seven members of the NADPH oxidase (NOX) family, NOX1-5 and two 153 dual oxidases (DUOX1 and DUOX2), which collectively produce ROS in a wide range of tissues 154 where ROS participate in a variety of cell processes such as mitogenesis, apoptosis, hormone 155 synthesis, and oxygen sensing (20, 26) . NOX2 is a phagocyte-specific isoform, being highly 156 expressed in neutrophils and macrophages where it plays an essential role in host defense against 157 microbial pathogens (20). NOX1 is the closest homolog of NOX2, with whom it shares 56% 158 sequence identity (20) . NOX1 is most abundant in the colon epithelium and is also expressed in a 159 variety of cell lines, including Caco-2 cells (26, 27) . At present, the physiological roles of colonic 160 NOX1 are not fully understood. NOX1-derived ROS has been implicated in control of cell 161 proliferation, mucosal repair after injury, and inflammatory response (26). Importantly, evidence 162 suggests a role for NOX1 as a host defense oxidase (28). For instance, colon epithelial cells 163 exhibited high NOX1-mediated ROS production in response to flagellin from Salmonella 164 enteriditis (29).
165
To assess whether filamentation of CAB2ΔvopL within Caco-2 cells was resultant from 166 bacterial exposure to ROS, we suppressed ROS generation using GKT136901 (GKT), a direct and 167 specific inhibitor of NOX1/4 (NOX4 is primarily expressed in the kidney (20)) (30). Caco-2 168 treatment with 10 μM GKT reduced the number of host cells containing filamentous CAB2ΔvopL 169 by more than twofold ( Fig. 2 ), suggesting that NOX1-generated ROS mediates bacterial VopL is required for normal bacterial growth in COS phox cells 186 Our results thus far show that NOX1-generated ROS is causal for bacterial filamentation 187 and that filamentation only occurs in the absence of VopL. Therefore, we hypothesized that VopL 188 suppresses generation of ROS. To quantify NADPH oxidase-dependent production of ROS, we 189 analyzed host cell release of superoxide, the product of NADPH oxidase-mediated reduction of 190 molecular oxygen and the precursor of other ROS (31). Detection of ROS generated by 191 endogenous NOX1 in the colon, as well as in Caco-2 cells, was challenging to measure (29).
192
Indeed, under our experimental conditions we could not detect superoxide in a sensitive manner 193 during infection of Caco-2 cells, nor could we detect it upon cell stimulation with the PKC 194 activatior phorbol 12-myristate 13-acetate (PMA) ( Fig. S2 ).
195
Thus, to investigate the ability of VopL to control the generation of ROS by NADPH 196 oxidases, we used a well characterized model cell system, the COS phox cell line, that has been used 197 previously to biochemically analyze the production of ROS (32). These cells stably express NOX2 198 (gp91 phox ) along with the other NOX2 complex subunits p22 phox , p47 phox , and p67 phox (32). Notably, 199 the NOX1 enzymatic complex also includes p22 phox , along with NOXO1 and NOXA1, homologs 200 of p47 phox and p67 phox , respectively (27, 33) . Given the similarity in functioning of the NOX1 and 201 NOX2 complexes, COS phox cells represent a suitable model of non-phagocytic cells with robust 202 NOX-dependent production of ROS for the present study.
203
Initially, we investigated CAB2 growth within COS phox cells, in the presence and absence 204 of VopL. While CAB2 was able to efficiently replicate inside COS phox cells ( CAB2ΔvopL strain with a VopL-expression plasmid lowered superoxide production to levels 251 similar to that generated by the parental CAB2 strain (Fig. 4C ). These results confirm our 252 hypothesis that the presence of VopL suppresses NOX-generated ROS. 
285
Given that VopL disrupts the normal assembly of the actin cytoskeleton (19), we 286 hypothesized that VopL would impair the complete assembly of the NOX2 complex, therefore 287 compromising the production of ROS. To test this hypothesis, we transiently transfected COS phox 288 cells with VopL and subsequently induced NOX2 activation using PMA. Cell stimulation with 289 PMA caused p67 phox to translocate from the cytosol to the plasma membrane and also caused an 290 extensive rearrangement of the actin cytoskeleton with formation of membrane ruffles that co-291 localized with p67 phox (compare Figs. S5A and S5B ). As previously reported (16), ectopic 292 expression of wild type VopL (WT VopL) caused the formation of long actin strings reminiscent 293 of stress fibers ( Fig. 5A and Fig. S5C ). In cells transfected with WT VopL, PMA-stimulated actin 294 ruffles were not formed ( Fig. 5A ) and, importantly, the translocation of p67 phox from the cytosol 295 to the cell membrane was impaired (Fig. 5A ). Quantification of enrichment of p67 phox at the plasma 296 membrane revealed a significantly smaller presence of this subunit at the membrane in the presence 297 of VopL (Fig. 5B) .
298
To confirm that the inhibitory effect of VopL on p67 phox translocation is dependent on the 299 effector's ability to manipulate the actin cytoskeleton, we also transfected cells with WH2*3-300 VopL, which contains point mutations at amino acids required for the actin binding activity of the 301 WH2 domains (16). We previously established that WH2*3-VopL is devoid of actin assembly 302 activity in vitro and does not induce actin stress fiber formation in transfected cells (16) (Fig. S5D ).
303
Expression of WH2*3-VopL impaired neither PMA-stimulated membrane ruffling nor the 304 cytosol-plasma membrane translocation of p67 phox (Fig. 5C ), which was highly enriched at the 305 plasma membrane (Fig. 5D ). The T3SS2 effector VopL and its V. cholera homologue VopF were discovered about a decade 355 ago and their structure and biochemical activities are now well-characterized (16) (17) (18) (19) (39) (40) (41) . The 356 coincidental discoveries that VopL/F produces linear strings of non-functional filaments by 357 Avvaru and colleagues (19) and our findings that V. parahaemolyticus is a facultative intracellular 
372
Salmonella enterica Typhimurium excludes the NOX2 membranous subunits from the vacuole it 373 inhabits in a T3SS-dependent manner (48). Importantly, the virulence factors and mechanisms 374 used by the vast majority of these pathogens remain unknown. The present work not only identified 375 the virulence factor used by V. parahaemolyticus to suppress host ROS generation, but also 376 revealed an unprecedented mechanism used by a microbial pathogen to do so (Fig. 7) .
377
The pharmacological inhibition of NOX1 and NOX2 complexes, shown to fully suppress 378 ROS generation in the case of apocynin, did not result in complete reduction of bacterial that has been shown to inhibit MAPK signaling pathways during infection (53-55). Therefore, in 393 addition to NOX assembly and MAPK signaling pathways, other pathways will be the subject of 394 future investigation as further mediators of filamentation of the VopL-mutant.
395
It is important to note that, despite the close homology between the NOX1 and NOX2 396 complexes (the closest homologs within the NOX family), NOXO1, the homolog of p47 phox in the 397 NOX1 complex, lacks the autoinhibitory region (AIR) domain present in p47 phox (27, 33) . As a 398 result, NOXO1, as well as its partner NOXA1 (p67 phox homolog), are constitutively associated 399 with p22 phox at the cell membrane (56). This accounts for the constitutive, stimulus-independent 400 generation of ROS observed in the colon (27). Importantly, it has been shown that constitutive, 401 NOX1-derived generation of ROS is partial and can be further enhanced upon PMA-stimulation 402 of intestinal epithelial cells (29). In agreement with these findings, ectopic expression of NOX1, 403 NOXO1, and NOXA1 across a range of cell types only results in partial, sometimes absent, 404 production of ROS, requiring PMA-stimulation for maximal generation of ROS (27, 33) . These 405 findings indicate that although constitutive NOX1, p22phox, NOXO1, and NOXA1 complex 406 formation may be sufficient for generation of ROS, stimulated activation (GDP to GTP switch) of 407 Rac is important to optimize this process (57). For instance, PMA facilitates the formation of GTP-408 bound Rac (58). These findings support our model that VopL interferes with ROS production in 409 Caco-2 by impeding GTP-Rac mediated, optimal activation of the NOX1 complex.
410
Over many years of evolution, V. parahaemolyticus' T3SS2 has maintained a repertoire of 411 around a dozen effectors. One of these, VopC, has been shown to mediate cell invasion, and we 412 now show a role for VopL in relieving free-radical stress for this intracellular pathogen. The 413 activities of some of the other T3SS2 effectors have been studied and now the role that they play 414 in this evolutionarily conserved invasive T3SS are ripe for future investigation. supplemented with NaCl to a final concentration of 3% (w/v), at 30 °C. When necessary, the 429 medium was supplemented with 50 μg/mL spectinomycin (to select for growth of CAB2-GFP 430 strains (9)) or 250 μg/mL kanamycin. For imaging, Caco-2 and COS phox cells were seeded respectively at 2.5x10 5 and 1-2x10 5 cells/well 509 onto 6-well plates containing UV-sterilized, poly-L-lysine-coated (Sigma), glass coverslips.
510
Following the infection and transfection protocols described above, samples were fixed with 3.2%
511
(v/v) ρ-formaldehyde (Thermo Fisher Scientific) for 10 minutes at room temperature. Transfected 512 COS phox cells were permeabilized with 0.5% (w/v) saponin (Sigma) for 10 minutes at room 513 temperature and then blocked with 1% (w/v) bovine serum albumin (BSA, Sigma-Aldrich) in the 514 presence of 0.1% saponin for 30 minutes at room temperature. In order to detect cells transfected 515 with VopL, samples were subsequently incubated with anti-Flag antibody ( 
